When confronted with a parasite or pathogen, hosts can defend themselves by resisting or tolerating the attack. While resistance can be diminished when resources are limited, it is unclear how robust tolerance is to changes in environmental conditions. Here, we investigate the sensitivity of tolerance in a single host population living in a highly variable environment. We manipulated the abundance of an invasive parasitic fly, Philornis downsi, in nests of Galápagos mockingbirds (Mimus parvulus) over four field seasons and measured host fitness in response to parasitism. Mockingbird tolerance to P. downsi varied significantly among years and decreased when rainfall was limited. Video observations indicate that parental provisioning of nestlings appears key to tolerance: in drought years, mockingbirds likely do not have sufficient resources to compensate for the effects of P. downsi. These results indicate that host tolerance is a labile trait and suggest that environmental variation plays a major role in mediating the consequences of host -parasite interactions.
Introduction
Hosts defend themselves against parasites using two overall strategies: resistance and tolerance [1] [2] [3] . Resistance mechanisms help the host by reducing parasite burden [4] . By contrast, tolerance mechanisms compensate for parasite damage without reducing parasite burden [1, 5] . Tolerance has been well studied in plant-herbivore systems [6] , but has received less attention as a strategy for defence by animal hosts [2, 7, 8] .
Host defence is not static, but varies with environmental conditions. Resistance has well-documented associations with resource availability and host nutritional status [9] [10] [11] . Resistance mechanisms, such as immune responses, are energetically costly, and thus may be diminished under stressful conditions [9, 12] . Like resistance, tolerance may also be sensitive to resource availability. However, most studies of animals have focused on differences in tolerance between populations or genotypes, implying that tolerance is a static property [2, 13, 14] . As a result, relatively little is known about mechanisms or conditions that govern tolerance in animal hosts, compared to resistance.
In plant-herbivore systems, tolerance has complex relationships with resource availability [15] . Early models predicted that, like resistance, tolerance should increase with greater access to resources [16] . However, subsequent experiments produced data both consistent with, and opposite to, this prediction. Rather than a simple positive relationship between tolerance and resource availability, the effects of resource availability on plant tolerance depend on which resources are limiting to plant fitness, and which resources are depleted by herbivores [15] .
The relationship between tolerance and resource availability in animal host-parasite systems is probably also complex. Tolerance may increase when resources are abundant if hosts are better able to compensate for energy lost to parasites [17, 18] . For example, in an experimental study of the effects of nematodes on Cuban tree frogs (Osteopilus septentrionalis), parasitized & 2019 The Author(s) Published by the Royal Society. All rights reserved.
frogs were able to maintain body mass when fed on a high resource diet, but not when fed on a low resource diet [18] . On the other hand, like hosts, parasites may benefit from increased resource availability, potentially increasing the damage that they inflict on the host [12, 19, 20] . Several studies have found reduced host tolerance under high resource conditions, potentially because the parasites were better than the host at exploiting the resource [21 -24] . For example, experimental studies show that the tolerance of Drosophila melanogaster to pathogenic bacteria actually decreases on high-yeast and high-sugar diets [22, 23] .
Most studies on the effect of resource availability on animal host tolerance have been conducted in the laboratory. Therefore, the extent to which tolerance varies in response to natural environmental variation remains poorly understood [2, 25] . If tolerance is sensitive to resource availability, it is not a constitutive property of the host, but an outcome of the interaction between host, parasite, and the environment. The strength of this interaction has the potential to affect whether hosts can defend themselves against parasites in changing or variable environments.
In this study, we investigated the tolerance of birds to introduced parasitic nest flies (Philornis downsi) in the Galápagos Islands. Philornis downsi, which is native to mainland South America, was discovered in nests of Galápagos birds in the late 1990s [26] . Adult P. downsi are free-living and feed on organic matter. Female flies lay their eggs in birds' nests. Upon hatching, the larvae feed on blood and tissues of brooding female birds and their nestlings. After three larval instars, the flies pupate in the nest material, after which they emerge as adults [27] .
Philornis downsi parasitism causes high nestling mortality in Darwin's finches. Mortality estimates average about 50%, but reach 100% in some studies [28, 29] . Galápagos birds appear to have no effective behavioural or immunological resistance against P. downsi [30, 31] . Some evidence suggests that nestlings try to resist parasitism by preening off larvae or standing on top of nest mates [32, 33] ; however, these behavioural responses do not seem to improve the fledging success of parasitized nestlings [30, 33] .
In contrast to Darwin's finches, Galápagos mockingbirds (Mimus parvulus) tolerate P. downsi. In an experimental study of medium ground finches (Geospiza fortis) and Galápagos mockingbirds, Knutie et al. [31] showed that P. downsi reduced the reproductive success of finches, but had no effect on the reproductive success of mockingbirds. The tolerance of mockingbirds was striking in light of the fact that the density of P. downsi (number of parasites/gram of nestling) did not differ significantly between the two host species. Mockingbirds may be more tolerant to P. downsi than finches in part because mockingbird nestlings are substantially larger than finch nestlings. Their larger size and lower surface area to volume ratio may help mockingbirds better withstand parasitism at night, thus retaining enough energy to beg for food the following morning. Knutie et al. [31] found that host behavioural changes are also linked to tolerance. Parasitized nestlings begged more and were provisioned more by their parents, compared to non-parasitized nestlings. By contrast, finches do not increase provisioning behaviour in response to P. downsi [31, 33] .
Knutie et al. [31] reported that mockingbirds were tolerant during 2 years of average rainfall. However, the Galápagos Islands have an extremely variable climate, and it is unknown how sensitive mockingbird tolerance is to annual environmental fluctuations. In the Galápagos, rains trigger the growth of vegetation in the arid zone, which leads to higher arthropod abundance [34] . Annual rainfall is unpredictable, causing 'boom and bust' cycles. Breeding success of land birds is reduced in dry years when arthropod abundance is low [34, 35] .
In this study, we experimentally studied tolerance of mockingbirds to P. downsi in 2 years of higher rainfall (2012 and 2013) and 2 years of relatively low rainfall (2015 and 2016). We hypothesized that low resource availability in dry years would limit either host fitness, parasite fitness, or both. If mockingbirds are more limited by resources than P. downsi, we expect tolerance to decrease in dry years. Conversely, if P. downsi is equally or more affected by resource limitation we expect mockingbird tolerance to remain the same across years.
To determine whether the pressure of P. downsi was consistent across years, we quantified parasite abundance and mean size in control nests and measured nestling haemoglobin concentration. Parasite abundance and size were indicators of the burden of parasitism on mockingbirds. Nestling haemoglobin concentration is diminished by ectoparasites as they feed on the host's blood [36, 37] . Accordingly, we used reduction in haemoglobin as a measure of the physiological cost of parasitism. To quantify the response of mockingbirds to P. downsi, we measured nestling condition and fledging success. Each year we estimated mockingbird tolerance, defined as the slope of the relationship between host fitness (fledging success) and parasite abundance [38] . We measured variation in provisioning behaviour in parent mockingbirds and nestling stable isotope ratios to infer differences in food availability among years.
Material and methods (a) Study site
The study was conducted from January to April 2015 and 2016 on Santa Cruz Island in the Galápagos archipelago. Previously published data collected from January to April 2012 and 2013 [31] are also used in the analyses. The study site, El Garrapatero, is a 3 Â 4 km area in the arid coastal zone, approximately 10 km east of the town of Puerto Ayora. Galápagos mockingbirds are common year-round residents at our study site. Following the onset of the rainy season, mockingbirds build open cup-shaped nests in acacia (Acacia rorudiana) trees or giant prickly pear cacti (Opuntia echios). They lay between one and five eggs, which are incubated by the female for about 15 days [31] . Nestlings are fed by both parents until they fledge at about 14 days of age.
(b) Environmental variation
We used two metrics to evaluate environmental conditions: rainfall data and normalized difference vegetation index (NDVI) data. Daily precipitation data were collected by the Charles Darwin Research Station in Puerto Ayora [39] . We calculated cumulative rainfall during the typical rainy season at our study site (December -March) as well as the cumulative rainfall per nest (total rainfall from the previous 1st of December through to the date of hatching for each nest). We also analysed the relationship between rainfall at Puerto Ayora and vegetation at our field site using NDVI, an index of photosynthesizing vegetation based on the absorption and reflectance of light in satellite images [40] . NDVI and rainfall are highly correlated at royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20190049 our field site (electronic supplementary material, figure S1 ). Filtered, scaled NDVI data were generated using the MODIS Global Subsetting and Visualization Tool from a representative 2.25 Â 2.25 km 2 at the centre of our field site every 16 days [41, 42] . For our study, we evaluated NDVI values on the date closest to hatching for each nest in order to obtain snapshots of relative vegetation conditions during the nestling period.
(c) Experimental manipulation and parasite quantification
To manipulate parasite abundance, nests were either fumigated with a 1% aqueous permethrin solution (Permectrin TM II), or sham-fumigated with water as a control. Permethrin has been used in several previous studies to eliminate P. downsi larvae [30, 33, 43] . It has minor, if any, effects on nestlings [44] and degrades upon exposure to UV light [45] . Nests were sprayed soon after the first nestling hatched, and again 5 -6 days later. Nestlings, unhatched eggs, and the top layer of the nest were removed during the spraying process, then replaced after the nest dried (less than 10 min). Parents quickly returned to the nest following treatment; we observed no cases of nest abandonment due to treatment.
We quantified P. downsi by collecting each nest soon after nestlings had died or fledged. Mockingbirds do not re-use nests [31] . Nests were carefully dissected within 8 h of collection and the parasites in each nest were counted [30, 31, 46] . First instar larvae are difficult to quantify from nest contents because they often live subcutaneously in the nestling nares [27] . Thus, the measure of P. downsi abundance we used was the total number of second and third instar larva and pupae in the nest. We also measured the length and width of pupae and calculated the mean pupal volume for each nest. Pupae were reared to the adult stage to confirm that they were P. downsi (no other fly taxa were found in nests).
(d) Nestling growth, condition, and fledging success
In 2012, each nestling was measured within 24 h of hatching and then again at 9 -10 days of age [31] . In 2013, 2015, and 2016 nestlings were measured three times: at hatching, at 5 -6 days of age, and at 10-11 days of age. At each sampling point, body mass and tarsus length were recorded; at the second and third points, we also recorded the length of the first primary feather [47] . At the second and third sampling points, we took a small blood sample (less than 30 ml) via brachial venipuncture. Haemoglobin concentration was immediately quantified in the field using a HemoCue w HB 201 þ portable analyser and approximately 10 ml of blood (haemoglobin was not measured in 2012). Within 6 h of collection, blood samples were spun at 8000 r.p.m. for 10 min to separate plasma and erythrocytes, which were frozen separately in a 2208C freezer. These samples were later transported to the University of Utah in a liquid nitrogen dry shipper for isotope analysis. Nestlings were banded with an individually numbered monel band and a unique combination of colour bands at 9 -11 days of age. Fledging was confirmed by locating and identifying banded individuals after leaving the nest (at about 15 days of age).
(e) Provisioning and begging behaviour
We did not directly quantify food availability because we were not confident we could adequately census mockingbirds' broad and varied diet. Instead, we used parental provisioning rates to investigate variation in the amount of food delivered to nestlings. Behaviour was recorded during the hours 06.00 -10.00 in 2013, 2015, and 2016 from a haphazard subsample of study nests. Small bullet cameras (31 Â 36 mm; Sony SC-IRB) were suspended over nests and connected to portable digital video recorders (DVRs) (Lawmate PV700 Hi-res DVR) hidden at the base of each tree supporting a nest. We quantified behaviour from 51 video observation periods totalling 118 h of video. Videos were analysed using the software Boris version 3.60 [48] by one author (S.M.M.) to avoid inter-observer variation. Provisioning was scored as the per cent of total video time that parents spent inserting food into the mouths of nestlings. In addition to parental provisioning, we also scored nestling begging. Begging was defined as one or more nestlings tilting their head back, with neck extended, and open mouth showing [49] . For each video, time begging was scored as a percentage of total video time.
(f ) Blood isotope values
We analysed carbon (d 13 C) isotope ratios in 10-day-old nestlings to evaluate variation in their diet between treatments and among years. Carbon stable isotope values distinguish the contributions of different plants in the food chain because carbon fixed by C3 plants is more depleted in C 13 isotopes than carbon fixed by CAM and C4 plants [50, 51] . C3 vegetation is common at the El Garrapatero field site during rainy conditions. In years with little rain, Opuntia cacti, which use CAM photosynthesis, are the predominant living vegetation. Therefore, we expect nestlings in wetter years to have more depleted d
13 C values and nestlings in dry years to have enriched d
13
C values. Stable isotope analysis was performed at the Stable Isotope Ratio Facility for Environmental Research (SIRFER) at the University of Utah. Five microlitres of erythrocytes (approx. 0.5 mg) were pipetted into tin capsules and dried for 48 h at 658C. Samples were analysed using an elemental analyser attached to an isotope ratio mass spectrometer (EA-IRMS, Thermo Fisher Scientific, Bremen, Germany) operated in continuous flow mode. Laboratory reference materials consisted of two glutamic acids and ground bovine muscle. Stable isotope ratios are reported using the standard d-notation relative to an international standard in units per mil (‰) using the following: dX ¼ (R sample /R standard 2 1) Â 1000, where X is the isotope of interest, R sample and R standard are the molar ratios of the heavy to the light isotopes (e.g. 13 C/ 12 C) of the sample and international standard, respectively.
(g) Statistical analysis
Analyses were conducted in RStudio (2016, version 1.0.136; R version 3.3.3). We ran linear models (LMs), generalized linear models (GLMs), and linear mixed models (LMMs) using the packages 'MASS', 'lmer4', 'nlme', 'car', and 'smart'. Degrees of freedom and p-values for LMMs were calculated using a Satterthwaite approximation with the 'lmerTest' package. Post hoc comparisons between years were performed using Tukey's honestly significant difference tests in 'emmeans'. Parasite abundance, nestling measurements, and behavioural data from 2012 and 2013 were published earlier [31] . For the current study, we directly compared those raw data to new data from 2015 and 2016.
We tested for variation among years in rainfall and NDVI using LMs, modelling each with year as a fixed effect. We tested for variation in nestling isotope ratios using two different LMMs: first, we modelled isotope ratios using the fixed effects of year and treatment and the random effect of nest to test for overall variation among years and between treatments. The effect of treatment was not significant and was removed. Second, we modelled isotope ratios using the fixed effects of rain and NDVI and the random effect of nest to test if nestling isotope ratios were significantly associated with our other indices of environmental conditions. We tested for variation among years in parasite abundance and parasite volume using negative binomial GLMs with year, treatment, and nestling age at collection as fixed effects. Nestling age at collection was not significant for parasite abundance and was removed.
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random effects of year and individual, nested within mockingbird nest. All models started with a three-way interaction between rain, treatment, and age to test the prediction that nestling growth of parasitized chicks is limited in dry conditions. When the threeway interaction term was not significant (only haemoglobin) it was removed. When the effect of clutch size was not significant (mass and haemoglobin) it was removed. The intercept was set to age 1 for mass and tarsus (the day of hatching), and age 5 for haemoglobin and first primary feather length (the first day of measurement). Haemoglobin values of sham-fumigated (parasitized) nestlings were additionally analysed for variation among years using an LMM with age, year, and their interaction as fixed effects and the random effect of nest.
For analysis of behaviour, per cent time provisioning and per cent time begging were logit transformed and analysed with LMMs with the fixed effects of age, year, clutch size, and treatment, and the random effect of nest. Age and treatment were not significant for provisioning and so were removed.
We tested for variation in fledging success using two different binomial GLMs: first, we modelled fledging success per nest with the fixed effects of treatment, year, and their interaction to test for variation in the fitness cost of P. downsi among years. Second, we modelled fledging success with a GLMM with the fixed effects of treatment, rain, and their interaction, and the random effect of year to test for variation in the fitness cost of P. downsi under different climatic conditions.
(h) Estimation of tolerance
We defined mockingbird tolerance as the slope of the relationship between P. downsi abundance and fledging success [38] . Tolerance was quantified for each year of the study. A slope of zero indicates completely tolerant hosts (i.e. no relationship between parasite abundance and host fitness). More negative slopes show progressively less tolerance. We quantified tolerance using a GLM with binomial errors predicting fledging success per nest (ratio of nestlings that fledged to nestlings that died) with the fixed effects of year, P. downsi abundance, and their interaction. We limited our model to the range of parasite abundance for which we had fledging success data from all years (0-139 parasites; which excludes five nests with more parasites). A significant year Â abundance interaction indicates that tolerance differed among years. To estimate tolerance each year and identify differences in tolerance between years, we performed post hoc comparisons using Tukey post hoc tests with the emtrends() function in the package emmeans. This function compares interaction terms (i.e. slopes) between each pair of years while correcting for multiple testing and produces slope estimates for each year.
Results (a) Environmental variation
Rainfall varied substantially among study years (figure 1). The mean rainfall at hatching was higher in 2012 and 2013 than in 2015 and 2016 (LM, p , 0.001; electronic supplementary material, tables S1 and S2 All measurements (mass, tarsus, and first primary feather length) increased with age (LMM, p , 0.001, electronic supplementary material, tables S9 -S12). Haemoglobin also increased with age, consistent with increased erythropoiesis as nestlings develop (LMM, p , 0.001; electronic supplementary material, table S13) [52] . For mass, tarsus, and first primary feather length, the main effects of treatment and rain were not significant ( p . 0.05), meaning that, at hatching, nestlings were the same size regardless of treatment or rain. The interaction of treatment and age was significant, ( p , 0.001), indicating that parasitized nestlings grew more slowly than non-parasitized nestlings. The three-way interaction of treatment Â rain Â age was also significant ( p 0.05), meaning that the cost of parasitism to growth was mitigated by more rainfall. In other words, growth and condition of nestlings was reduced in the sham-fumigated treatment, particularly when rainfall was limited (figure 3). Haemoglobin was reduced in sham-fumigated nestlings in all years ( p , 0.001; electronic supplementary material, table S13). However, the effect of treatment on haemoglobin did not vary with rain (three-way interaction p . figure 6 ).
Discussion
Extreme variation in rainfall among years in the Galápagos provides an opportunity to test the extent to which the parasite, the host, or both are sensitive to environmental conditions. In this study, we document a dramatic increase in the costs of P. downsi to mockingbird reproductive success in dry conditions. Philornis downsi abundance in nests at our study site did not vary among years. Although studies report that P. downsi abundance on some islands increases in very wet years [28, 53] , the prevalence and intensity of P. downsi on Santa Cruz appear relatively constant [27, 46] . Philornis downsi pupal volume and haemoglobin values both varied between 2 years (2013 versus 2016). However, pupal volume and haemoglobin values did not differ significantly for most between-year comparisons. Moreover, these values did not significantly differ between the most and least tolerant years. In short, the data suggest the reduced fledging success in parasitized nests in dry years is not because P. downsi larvae themselves cause more damage to nestlings in dry years. Rather, lower fledging success in drier years appears to be due to an inability of birds to compensate for the costs of P. downsi. Our data further suggest that mockingbird tolerance is correlated with resource availability. Rainfall at our field site was correlated with measures of vegetation (NDVI and nestling carbon isotope values). Provisioning rates were higher in years with higher rainfall and vegetation, consistent with previous work showing a strong relationship between rainfall, food availability, and reproductive success in Galápagos passerines [34, 35] . Mockingbird tolerance increased with higher provisioning rates, suggesting that in dry years, when vegetation is scarce and resources limited, mockingbirds cannot provision their nestlings sufficiently to repay the costs of P. downsi.
Our results are based on only 4 years of study, which limits our ability to conclude with certainty that variation in rainfall is the main mechanism driving variation in tolerance. Although rainfall is considered a key environmental variable in the Galápagos, other factors, such as the presence of introduced cats, may increase stress and reduce foraging capabilities of mockingbirds. Because Galápagos mockingbirds can live for 7 or more years and typically have several opportunities to reproduce [35] , it is also possible that the costs of reproduction in one year may have carry-over effects in subsequent years. For instance, if tolerance in one reproductive attempt trades-off with future reproductive success, the costs of P. downsi to individual host fitness could fluctuate among years. However, even if the effects of P. downsi on individuals vary, we would expect the mean effects on a population level to be consistent across years.
It is also possible that the interaction between P. downsi and mockingbirds is changing over time. One long-term study of P. downsi in Darwin's finch nests reports that mortality rates of nestlings have increased due to earlier and heavier infestation of nests [54] . Nestling mortality rates are increasing despite a decrease in mean pupal size, which may be an indication that competition among larval flies for scarce resources is limiting the amount they can grow before the host dies. Similarly, we found smaller pupal sizes in the last year of our study, compared to the second year. However, we found no increase in P. downsi abundance. Our study took place over a much shorter time span than the Kleindorfer et al. [54] study (5 years versus 10 years). As a result, further work is needed to infer changes in interactions between mockingbirds and P. downsi.
Fluctuations or the loss of tolerance in mockingbirds could theoretically affect other hosts of P. downsi in the community. Tolerant hosts can serve as reservoirs that maintain or even increase the overall parasite population [31, 55] . The presence of a reservoir could increase the prevalence and intensity of parasitism in the nests of vulnerable hosts, such as Darwin's finches. However, a reduction in tolerance of the reservoir host might reduce the population size of royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20190049 the parasite by limiting the number of flies that complete their life cycle before the host dies. Despite this possibility, the abundance of P. downsi in mockingbird nests did not differ among years in our study. Most sham-fumigated nests that failed in 2015 survived at least to the 5 -6 day mark, which is likely enough time for P. downsi to complete the larval stages [28] . Moreover, pupal size was not diminished in 2015, the year of lowest tolerance. Since pupal size is associated with future adult fly fecundity [54] , reduced host tolerance does not appear to affect parasite fitness. Thus, mockingbirds still have the potential to serve as reservoir hosts even in years of lower tolerance. A direct test of the effect of mockingbirds on P. downsi abundance in finch nests is needed to evaluate whether mockingbirds increase the pressure of this invasive parasite on other host species. The robustness of tolerance influences its efficacy against novel parasites and pathogens. Tolerance to a new parasite could arise in a population faster than resistance because tolerance mechanisms are not necessarily parasite specific, but may involve general changes in host behaviour that promote recovery from sickness [56] . When the mechanism of tolerance is a response such as increased provisioning, behavioural plasticity can allow hosts to respond quickly to a novel stressor. However, the extent to which behaviours are plastic may be limited by trade-offs with other adaptations and the environment itself [57, 58] . Our data indicate that the environment constrains the extent to which behavioural responses confer tolerance.
Whether tolerance or resistance is more robust to environmental fluctuations is unknown. Several studies suggest that resistance and tolerance are negatively correlated, i.e. a host cannot be both resistant and tolerant [4, 59] . Selection for different defence strategies may depend on which defence is least dependent on resource availability. Because resistance and tolerance have different implications for host -parasite coevolution, a shift in host defence strategy could, in turn, affect pathogenicity and population dynamics of the parasite [60, 61] .
Trade-offs between different defence strategies may be particularly relevant for hosts that face consistent parasite pressure, yet live in variable environments, such as Galápagos mockingbirds. The ability to mount a successful defence may become even more challenging in the face of a changing climate [25, 62] . Recent models predict increased variability and magnitude of El Niñ o and La Niñ a events [63] , which are the primary climatic cycles that drive rainfall patterns in the Galápagos [34] . Our data suggest that even short-term environmental variation can generate radically different costs of parasites to host fitness. If climatic variability increases, hosts may be pushed to the limits of what they can tolerate, leading to increased emergence of disease in otherwise non-pathogenetic host -parasite interactions. Continued investigation of the dynamics of host tolerance is necessary to understand the future consequences of parasitism on host fitness and host populations.
Data accessibility. Files used for analysis are available in the Dryad Digital Repository: https://doi.org/10.5061/dryad.n11h95s [64] . Files include (1) summary of nests in study, (2) nestling size and condition, and (3) behavioural scores from video analysis.
